This paper describes a methodology for a preliminary assessment of a region's wind energy potential. The methodology begins by discussing four primary considerations for site location: wind resources, wildlife corridors, proximity to transmission grids, and required land area. Algorithms to calculate wind energy production using both hourly and annual average wind speed are presented. The hourly data method adjusts for differences in height, air density and terrain effects between the measurement site and the proposed turbine site. The annual average wind data method adjusts for these factors, and uses the average annual wind speed to generate a Rayleigh distribution of wind speeds over the year. Wind turbine electricity generation is calculated using the wind speed data and the turbine power curve. The lifecycle cost of electricity is calculated from operating costs, purchase costs, a discount rate, and the project lifetime. A case study demonstrates the use of the methodology to investigate the potential for producing electricity from wind turbines in Southwest Ohio. This information is useful to utilities, power producers and municipalities as they look to incorporate renewable energy generation into their portfolios.
INTRODUCTION
As interest in renewable energy generation grows, it is useful to be able to quickly and relatively accurately assess a region's wind energy potential. This paper describes a methodology for the preliminary assessment of a region's wind energy potential.
For utilities, power producers and local governments, such preliminary assessments serve as precursors to full-scale wind energy studies. For small wind power projects, those much smaller than 1 MW in capacity, the methodology described here may be the only analysis performed because the cost of measuring the local wind resource and performing a full study can be nearly as much as the cost of installing wind turbines. Another software application that performs similar functions for a variety of renewable energy resources is RETscreen, developed by the National Resources Canada (RETScreen Clean Energy Project Analysis Software, Version 4, National Resources Canada) [11] . The methodology presented in this paper discusses four primary considerations for site location, the algorithms needed to predict wind turbine electricity generation, and the economic analysis to summarize the cost of electricity generation from wind turbines.
These algorithms are easily incorporated into computer software. The methodology is applied to a case study for evaluating wind energy potential in Southwest Ohio.
LOCATION IDENTIFICATION
Identifying possible locations for wind turbines is an important first step. The four main considerations for identifying wind turbine location are: wind resources, wildlife corridors, proximity to transmission grids, and required land area. Other siting issues, including local regulations and local community acceptance, are also important; however, these issues are typically addressed in subsequent, more-detailed studies.
Wind Resources
One of the most important aspects of locating wind turbines is the available wind resource. Wind turbine power output varies DRAFT with the cube of wind speed. Thus, it is best to locate wind turbines in areas with high average wind speeds. In addition, wind speed generally increases, and turbulence decreases, with increasing height off the ground. Thus, taller wind turbines generally produce more power than shorter turbines.
Numerous resources are available to quantify wind resources. These resources fall into two categories: annual average wind speeds and hourly wind speeds. Nationally, wind resource maps depicting average annual wind speed and/or power density are available from the National Renewable Energy Laboratory [19] and the U.S. Department of Energy [21] . In addition, most states have higher resolution average annual wind speed data available. For example, in Ohio, high-resolution average annual wind speed data are available from the Ohio Wind Working Group [20] .
Hour-by-hour wind speed data are included in Typical Meteorological Year data sets (TMY) distributed by the National Renewable Energy Laboratory [11] . These data, normalized to a measurement height of 10 meters from the ground, are valuable for preliminary assessment of small-scale wind turbine energy potential. However, caution is advised since TMY wind data are not fully adjusted to be consistent with the 30-year average. Measured hourly data can also be obtained from anemometers installed at or near a proposed wind turbine site. Onsite met masts, recording data in 10 minute increments, are required for nearly every large scale wind project. These data are especially valuable since they incorporate micro-scale terrain effects which are often below the spatial resolution of state or national maps.
Wildlife Corridors
Wildlife must be taken into consideration when locating wind farms. Of particular caution are areas near nesting or migration routes of endangered birds and bats.
Maps providing information about endangered wildlife and migration corridors can be found using resources such as the U.S. Fish and Wildlife Service [2] . In addition, state or regional organizations may also publish this data. For example, in Ohio, the public utility commission publishes county level data on endangered species [6] . Wind projects generally require a further, more detailed, environmental assessment which identifies impacts to local species, seasonal flora and fauna.
Transmission Grid
Transmission of power from wind turbines to utility lines is generally very costly. New transmission lines can cost over $1 million per mile [1] , and high capacity lines in urban areas can cost over $1 billion per mile [18] . Thus, locating wind turbines close to existing high voltage transmission lines can dramatically improve project economics. An equally important issue arises when transmission lines are near full capacity and unable to accept additional power generation. Maps identifying high voltage transmission lines can be obtained from local public utility commissions. For example, in Ohio, high voltage transmission line maps are published by the Ohio Public Utility Commission [6] .
Land Area
Consideration must be also given to the amount of land area required for a wind farm. Required wind farm land area can vary significantly depending on the size and arrangement of the wind turbines. A major concern is wind turbulence affecting downwind turbines. If wind turbines are installed too close together, downwind turbines may experience a turbulent wake which will decrease the amount of available energy that can be converted to electricity by the turbine. In areas that experience nearly-constant same-direction wind, turbine arrays can be configured to minimize losses and land use. A typical wind farm setup is shown in Fig. 1 . Estimates of required land area range from 20-60 acres per installed megawatt [5] to 10 acres per utility-scale turbine [18] . 
SIMULATING WIND ENERGY GENERATION
Two methods to simulate annual turbine electricity production are described. The first uses hourly wind speed data and the second uses the annual average wind speed. These algorithms can be incorporated into computer software.
Hourly Measured Data Method
The hourly measured data method uses wind data found in Typical Meteorological Year files or hourly wind speed data from any other source. TMY2 files contain 8,760 hourly records of weather data and are available for hundreds of U.S. sites [11] . Energy Plus weather files contain similar data and are available for over 1,000 U.S and 1,000 international sites [25] .
Typically, the measured wind velocity must be adjusted to account for the difference between measurement height and turbine hub height. In addition, the wind velocity may also need to be adjusted to account for differing terrains between the measurement and turbine sites. These adjustments between velocity V and height H can be made using the power law approximation οr by using a logarithmic height formula.
Using the power law approximation, the relation between velocity and height is approximated using Hellmann's exponent α, as shown in Eq(1)  [24] .
To adjust for height difference and terrain roughness, the measured velocity must first be projected to a free stream point where terrain roughness is negligible. To do so, the free steam velocity (Vfs) is calculated from the measured velocity (Vm) at height Href to a free-stream height of 500 meters with a surface roughness exponent (α1) appropriate for the terrain where the measurements were taken (Eq. 2). For example, a surface roughness exponent equal to 0.14 is appropriate for relatively flat grass-covered terrain.
Vfs=Vm (500 / Href) α1 (2) After projecting the measured velocity to a free stream height, the wind velocity (Vh) at the height of the turbine hub (Hh) is then calculated from Eq. (3) using the surface roughness exponent at the turbine site (α2).
Adjustments between velocity V and height H can also be accounted for using the logarithmic height formula. In this method, he measured velocity (vref), measured height (Href), and measurement location surface roughness length (zo_ref) are used with the turbine hub height (H) and turbine location roughness lengh (zo_H) to account for changes in height and local terrain as shown in Eq (X).
The site elevation (z (ft)) and hourly temperature (Ta (C )) are then used to calculate adjustments for the difference between the density of air at the site elevation and temperature and air at standard conditions. A dimensional factor to adjust for the variation in air density with elevation (Ke) is shown in Eq. (4) [23] . A dimensional factor to adjust for the variation in air density with temperature (Kt), as derived from the ideal gas law, is shown in Eq. 
The power available in the wind (Ew) is then calculated as the kinetic energy in the wind over the area swept by the turbine rotor, where the rotor diameter is (D) and air density at standard conditions is ρs (Eq. 6).
To calculate the electrical power produced by the wind turbine (Et), the turbine power output (Pt) is determined from a turbine's power curve for the wind velocity at hub height (Vh). For example, Fig. 2 shows a power curve for a Vestas V90 3 MW turbine.
FIGURE 2: VESTAS V90 3 MW POWER CURVE [4]
The power output from the power curve must be adjusted for variation in air density according to Eq. (7). Et = Pt Kt Ke (
The annual wind energy available and the annual turbine electricity generation are calculated by summing hourly values over a year as shown in Eqs. (8) and (9).
The annual average efficiency of the turbine η is calculated as shown in Eq. (10) .
Similarly, the annual average capacity factor (CF) of the turbine is calculated using the rated turbine power Pr as shown in Eq.
.
Annual Average Wind Speed Method
The annual average wind speed method uses the average wind speed from wind resource maps to create a Rayleigh distribution of wind speeds throughout the year. The Rayleigh distribution is a simplified Wiebull distribution that is widely accepted for calculating yearly wind profiles when only the mean velocity is known [24] . A Wiebull distribution are common wind speed distributions when both a mean and standard deviation of the wind speed are known.
To generate a Rayleigh distribution, a bin analysis is created with a specified maximum wind speed (Vmax), the number of finite intervals the distribution will be split into (n), and a counter (j). Equation (12) calculates the velocity in each interval j to be used to generate the Rayleigh distribution.
The Rayleigh distribution is then calculated using the incremental velocities (V(j)) and the average velocity (V ) found from the wind resource maps. The frequency Rv(j) at which velocity (V(j)) occurs is calculated from the Rayleigh distribution using Eq. (17) .
The annual hours (h(j)) at velocity increment j are then calculated using the Rayleigh frequency values.
The wind velocity is then adjusted for the difference between the height of the measured wind velocity, turbine hub height, and local terrain conditions using the power low approximation, as in Eq. (15) .
The total wind power (P(j)) available at velocity increment j is then calculated in Eq. (16) using the adjusted wind velocity, the turbine rotor diameter (D), and the wind density adjustments.
The annual energy available in the wind (Ew(j)) at velocity increment j is calculated using Eq. (17) .
To calculate the electrical power produced by the wind turbine (Et(j)) at velocity increment j, the turbine power output (Pt(j)) is determined from a turbine's power curve for the wind velocity at hub height (Vh(j)). The power output from the power curve must be adjusted for variation in air density according to Equation (18) .
The annual total wind energy available and the annual total turbine energy produced is calculated by summing the energy calculated for each velocity increment j, as shown in Eqs. (19) and (20) .
The efficiency of the turbine and capacity factor can then be calculated using Eqs. (10) and (11).
ECONOMIC ANALYSIS
The two most common types of economic analyses for wind projects are the average, or levelized, cost of electricity generated by a project and a cash flow analysis over a project's expected life. Cash flow analyses differ from project to project depending on how the project is financed. However, the method for determining average cost of electricity generation is much more consistent across wind projects.
The economic analysis procedure described here calculates the average cost of electrical generation. The method assumes the project is financed with a loan payable over the project's expected life. The annual loan payment is calculated from the loan annual interest rate (i), and loan lifetime (nl). The series present worth factor (SPWF) is used to calculate the annual loan payment. The SPWF is calculated using Eq. (21) .
The annual loan payment (Al) is calculated using the loan amount (Pl) and the uniform series present worth factor. Al = Pl / SPWF (22) In addition to an annual loan payment, other annual costs include annual maintenance, operating, and overhead costs. In relation to turbine costs, an annual maintenance contract typically costs about 0.50%, annual repair reserves 1.00%, annual insurances 0.25%, annual land leases 0.25%, and annual monitoring and administration 0.50%. The total of the other annual costs (Ao) is added to the annual loan payment to calculate the total annual costs (At).
Wind turbines may also experience maintenance and service downtime; thus, annual electricity production must be adjusted by the technical availability factor (TAF) to determine the actual net energy produced (Ew,net).
Ew,net = Ew,yr TAF
The average cost of electricity (COEavg), which includes the cost of purchasing, operating, and maintaining the turbine(s) over its lifetime is calculated from Eq. (25) .
CASE STUDY: SOUTH/MIDWEST OHIO
A case study demonstrates the use of the methodology to investigate the potential for producing electricity from wind turbines in Southwest Ohio. The case study identifies optimal areas to locate wind turbines, calculates the annual energy production from three wind turbines, shows the distribution of wind energy over the year, and performs economic and sensitivity analyses. Figure 3 shows an Ohio wind resource map with wind speeds at 100 meters above the ground. Average wind speeds range from 5.0 m/s to 10.0 m/s. The Miami River Valley in Southwest Ohio between Dayton and Cincinnati has relatively low wind speeds. Midwest Ohio has significantly better wind resources than the southwest. Ohio's best wind resources are found on Lake Erie where annual average wind speeds are about 10 m/s. The high wind speeds on Lake Erie are due to the flatness of the water which gives the wind an opportunity to travel vast distances without obstruction. A primary obstacle to locating wind turbines in Lake Erie is the freezing of the lake in winter which creates large ice sheets that would threaten the stability of wind towers.
LOCATION IDENTIFICATION 6.1 Wind Resources

FIGURE 3: OHIO WIND MAP AT 100 METERS [16]
Wildlife Corridors
Wildlife resource maps display areas where wildlife corridors may pose wind turbine siting issues. Several areas in Ohio must be avoided due to endangered bird and bat species. Endangered bird corridors are identified in Fig. 4 ; endangered bats, and other animals are shown in Fig 4b. These maps provide a first indication of suitable turbine locations; however, further investigation is needed before installing a wind turbine. Figure 5 shows existing high-voltage power lines in southwest Ohio. Locating wind farms near or along high voltages lines can significantly reduce the length and cost of transmission lines to the installation. The current capacity of these lines is unknown but would need to be addressed in a subsequent study.
FIGURE 4: A) ENDANGERED BIRD CORRIDORS [2], B) OHIO ENDANGERED WILDLIFE SPECIES BY COUNTY [6]
Transmission Grid
FIGURE 5: MAP SHOWING HIGH VOLTAGE TRANSMISSION LINES
Location Identification Summary
Wind, wildlife and transmission maps are shown side by side in Fig. 6 , to illustrate potential areas for wind farms. Areas highlighted in yellow are possible locations for installing large utility-scale wind turbines. The areas are close to high voltage transmission lines, maintain a relatively high average wind speed at 100 meters, and avoid areas where endangered bird and bat species may reside. This analysis identifies several areas with average annual wind speeds of 7.3 m/s and a few areas with average annual wind speeds of 7.7 m/s at 100-meter height. 
FIGURE 6: A) WIND SPEED, B) WILDLIFE, AND C) POWER TRANSMISSION LINES WITH POSSIBLE WIND FARM LOCATIONS HIGHLIGHTED IN YELLOW OVALS.
WIND TURBINE PERFORMANCE SPECIFICATIONS
FIGURE 7: WIND TURBINE POWER CURVES
The highest rated hub height for each turbine was used in the analyses. The hub heights for the 3 MW, 2.5 MW and 1.5 MW turbines were 105 meters, 100 meters, and 100 meters, respectively. The 3 MW, 2. 
SIMULATED POWER GENERATION
The algorithms described above have been incorporated into a computer program, WindSim [7] . WindSim simulates annual turbine electrical generation using hourly wind speeds or the annual average wind speed. The principle outputs of the software are annual available wind energy, annual electricity generation, and the distribution of wind energy and electricity generation over the year.
Site selection identified several areas with average annual wind speeds of 7.3 m/s and a few areas with average annual wind speeds of 7.7 m/s; thus, simulations were performed for each of the three wind turbines at average wind speeds of 7.3 m/s and 7.7 m/s,. Figure 8 shows simulation results for available wind power and the turbine energy generation for a 3-MW turbine at an average wind speed of 7.3 m/s.
FIGURE 8: WIND AND TURBINE ENERGY OUTPUT USING RAYLEIGH DISTRIBUTION
Summaries of annual electricity generation for each wind turbine at average wind speeds of 7.3 m/s and 7.7 m/s are shown in Table 1 . Annual turbine electrical energy generation for the turbines at multiple wind-speeds is shown in Fig. 9 . Results indicate that turbine electricity output (kWh) increases as average annual wind speed increases and as turbine size increases. However, annual electricity production does not double when turbine size doubles; thus, the best investment is not necessarily the largest wind turbine.
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FIGURE 9: TURBINE SIZE VS. ANNUAL ELECTRICAL OUTPUT
In addition, the hourly measured data method was used to simulate electrical energy production on an hour-by-hour basis over the year. Figure 10 shows monthly electricity generation based on TMY2 wind data from Dayton, Ohio. The simulation results indicate that the TMY2 data are measured at a site experiencing an average wind speed of roughly 5.9 m/s at the 100-m height. More significantly, the hourly data analysis method indicates the distribution of electrical energy generation throughout the year. As is typically the case, more wind energy is available during winter months due to colder temperatures and higher average wind speeds. During summer months, available wind energy decreases significantly due to higher temperatures and slower average wind speeds. The simulation shows about a 50% decease in turbine electricity production from winter to summer months.
FIGURE 10: MONTHLY WIND AND TURBINE ENERGY
ECONOMIC ANALYSIS: AVERAGE COST OF ELECTRICITY
The installed cost of wind turbines and associated equipment varies over time and on a project-by-project basis. For example, the California Energy Commission reports that the cost of a typical large-scale wind farm is about $1,000 per kW [8] . In Ohio, the cost of four 1.8 MW turbines, underground utility power to each unit, and miscellaneous metering installations was about $2,400 per kW [14] . Therefore, this case study used an installed cost of $2,400 per kW.
An economic analysis was performed for the 1.5, 2.5 and 3.0 MW turbines at representative wind speeds. The analysis assumed a project lifetime and loan period of 20 years with a 5% interest rate. The analysis assumed the following annual costs presented as a fraction of the installed cost: maintenance contract 0.50%, repair reserves 1.00%, insurances 0.25%, land leases 0.25%, and monitoring and administration 0.50%. The total of these annual costs is consistent with the annual operating cost of current turbines in Ohio [14] .
Summaries of the average cost of electricity for the turbines are shown in Table 2 and Fig. 11 . Results show the average cost of electricity ranges from 7.1 to 11.1 cents per kilowatt-hour. Based on these results, the lowest average cost per kWh in a location with average wind speed of 7.3 m/s is $0.071 per kWh, generated by the 1.5 MW turbine. 
SUMMARY AND CONCLUSIONS
This paper described a methodology for a preliminary assessment of regional wind energy potential. The methodology discussed four primary considerations for site location: wind resources, wildlife corridors, proximity to transmission grids, and required land area. Algorithms to calculate wind energy production using both hourly and annual average wind data were presented. The hourly data method adjusted for differences in height, air density and terrain effects between the measurement site and the proposed turbine site. The annual average wind data method adjusted for these factors, and used the average annual wind speed to generate a Rayleigh distribution of wind speeds over the year. Wind turbine electricity generation was calculated using the average wind speed data and the turbine power curve. Hourly wind speed data from TMY2 sites shows the distribution of wind power throughout the year. The levelized cost of electricity was calculated from the purchase cost, operating costs, the discount rate, and the project lifetime.
The case study demonstrated the use of the methodology to investigate wind turbine electricity generation in Southwest Ohio. Potential turbine locations were identified with average wind speeds from 7.3 m/s to 7.7 m/s at 100-m hub height. Electrical power generation by 1.5 MW, 2.5 MW and 3.0 MW wind turbines was simulated using both hourly data and annual average wind speed data.
Techno/economic analyses determined the average cost of electricity. Assuming an average wind speed of 7.3 m/s, a first cost of $3,000 per kilowatt of generation capacity, annual operating costs totaling 2.5% of first costs, a discount rate of 5%, and a 20-year project lifetime, the cost of electric generation from wind turbines ranged from $0.071 /kWh to $0.111 /kWh. The 1.5 MW turbine produced the lowest cost of electricity at $0.071 /kWh.
One important result from the analysis is that the turbine with the highest rated power, isn't necessarily the most cost effective. In this case study, the 1.5 MW turbine produced power at a lower average cost per kWh than the larger turbines. Generally, larger wind turbines are designed for areas experiencing high wind speeds; thus, most large utility-scale wind turbines have higher rated wind speeds than smaller commercial-sized turbines. The National Renewable Energy Laboratory is actively researching low wind speed technology in an effort to develop economical utility-scale low-wind-speed turbine. Turbines with lower rated wind speeds can operate at maximum electricity generation over a larger range of wind speeds. This increases the turbines capacity factor and is ideal for areas, such as Ohio, that experience lower wind speeds.
Another important result is that, based on these assumptions, wind energy can be generated in South/Midwest Ohio at a levelized cost of $0.08 /kWh or less. This compares well with the projected costs of electrical generation from new coal plants. For example, a MIT study projected levelized costs of electricity from new coal-fired generation to range from $0.070 to $0.082 per kWh [15] . Another study estimated the levelized costs of electricity from a proposed new coal-fired power plant in Ohio to range between $0.085 and $0.139 per kWh [17] . Moreover, these costs could increase with carbon emission legislation, while wind generation costs remain independent of fuel cost escalation and carbon legislation.
Finally, the methodology presented here represents an effective method to quickly and relatively accurately assess regional wind power potential. Additional studies, utilizing more advanced methodologies such as wind flow modeling and micrositing which include site specific wind data and project specific economic data, would refine these results and improve accuracy.
